ABSTRACT. This article aimed to study the genetic control of some flowers and pod set of common bean and to verify if its estimate varies with environmental conditions and gene pool. A complete diallel was used among six lines, but no reciprocal ones. The treatments were evaluated in three harvests/generations -F 2 , F 3 , and F 4 -in 2015/2016, in a randomized complete block design with four replications. The plot consisted of 3 lines with 4 m. In the center line, a receptacle to collect the aborted flowers/pods was placed. The traits considered were the number of flowers/plant (N), the percentage of pod set (V), and the production of grain/plant (W). A joint diallel analysis was performed, and the correlations between N, V, and W were estimated. N was 31.9 on average, and V was 40.4%. The average of Mesoamerican parents, for N and V, was higher than for Andean. Specific combining ability explained most of the variation for N, evidencing predominance of dominance effect. For V, specific combining ability was slightly lower than general combining ability, indicating additive loci and also dominance effects. These two traits were very influenced by environment and should be considered a strategy for greater grain yield stability of common bean.
INTRODUCTION
The search for a strategy that can increase cultivated plant grain yield is a challenge to be overcome by breeders. In the case of common bean and other legumes, grain yield depends on several biotic and abiotic factors, and consequently, the yield potential of plants is almost never obtained due to the stresses.
Common bean yield potential (W) is dependent on the number of pods (X), the number of seeds per pod (Y), and the average weight of grains (Z). The product X . Y . Z = W. The contribution of each of these primary components of production is variable; however, in numerous situations, the number of pods/plant has been shown to be the most important (Zilio et al., 2011; Guilherme et al., 2014) .
The number of pods, in turn, is dependent on the numbers of flowers (N) produced by the plant and the percentage of pod set (V), i.e., the proportion of flowers that gives rise to pods. Usually, the number of flowers per plant is much higher than that of pods, and this means that the percentage of pod set is almost always small. As a consequence, the plant is not able to express its full potential, as already mentioned, because the biotic and abiotic stresses affect the percentage of a pod set.
Unfortunately, there are not many reports estimating the percentage of pod set in common bean. The ones that already exist are relatively old and use cultivars and management systems different from those that currently occur (Ramalho and Ferreira, 1979; Izquierdo and Hosfield, 1981; Reis et al., 1985) . Furthermore, common bean is grouped in some gene pools, the most important being the Andean and the Mesoamerican. No information is available on whether these gene pools affect the number of flowers and the percentage of a pod set. The common bean breeding program that has been carried out in the southern region of Minas Gerais has had attention on some characteristics besides grain yield. However, no reports were found on selection for N and V. It would be important, however, to verify if, during the decades of common bean selection in the region, there was some indirect effect for N and V. The effect of environment on expression of the two characters (N and V) has not yet been documented.
The knowledge of the number of flowers and percentage of pod set in a given condition, as already pointed out, is one of the alternatives to evaluate the yield potential of a plant/cultivar. For breeders, it would be important not only to evaluate the grain yield potential of lines but also to have information about the genetic control of these characters. No reports were found regarding genetic control of the number of flowers and the percentage of a pod set. In the study of genetic control, there are several methods in the literature (Bernardo, 2010; Hallauer et al., 2010; Ramalho et al., 2012) . Among these methods, one of the most used is diallel crosses, mainly because of their versatility and type of information that is of great interest to breeders.
Therefore, the objective of this study was to obtain information about genetic control of the number of flowers and the percentage of pod set using diallel cross; to verify if the number of flowers and/or the percentage of pod set varies with environmental conditions and cultivar gene pool; to evaluate if the selection made over time indirectly affected the number of flowers and the percentage of pod set.
MATERIAL AND METHODS

Local
The experiments were carried out at the Scientific and Technological Development Center of the Federal University of Lavras -UFLA, which is located at 919 m in altitude, 21°14'south latitude and 45°59' west longitude.
Characteristics of parents used in diallel
Six lines from the UFLA Germplasm Bank were used, which were different in several traits, among them, the number of days for flowering, the gene pool, and the time of origin/ obtaining. Two Andean cultivars obtained before 1970 (Eriparsa and Goiano Precoce), both of type I growth habit and of the early cycle; and four Mesoamerican, two obtained before 1970 (Amarelinho and Paraná) and two after the year 2000 (Madrepérola and MAII-22), all of type III growth habit and normal cycle.
Obtaining the hybrid combinations
Diallel crosses involving six lines have been conducted, but no reciprocal ones. The crosses to obtain F 1 generation were obtained under greenhouse conditions. To obtain hybrids, artificial hybridization technique was adopted (Antunes et al., 1980) . Fifteen F 1 hybrids obtained along with parents were seeded in the field to obtain F 2 generation.
Evaluation of parents and segregant populations
The segregant populations were evaluated in F 2 , F 3 , and F 4 generations along with the parents, with sowing in November, February, and July, respectively. The parents and the 15 hybrids were evaluated in a randomized complete block design, with four replications. The plots consisted of three 4-m rows with 15 seeds/m and then thinning was performed, leaving 10 plants/m. Crop management was as recommended for common bean crop in the region .
The aborted flowers were collected using a methodology similar to Izquierdo and Hosfield (1981) . For this purpose, receptacles were constructed and placed in the central line of each plot ( Figure 1A and B). This receptacle was 1.0 m in length, 0.50 m in width and 0.60 m in height. As a coating, a nylon U-shaped screen with 1 mm aperture was used. To make the receptacle, a wooden frame was made to support the nylon screen. At the lower end, it was cut. After germination, it was placed in the pot and in stages V3 and V4 of plants, the down part of the receptacle was sewn ( Figure 1A) .
The collects started about 10 days after flowering and were performed every 3 days. In each receptacle, all material was carefully collected to observe the presence of flowers containing ovary. The number of aborted flowers was obtained in each collection season. Data were subjected to analysis of variance according to the model proposed by Steel et al. (1997) . Analyses were carried out by generation/sowing season, considering genotype as fixed effect. To verify a possible effect of the collecting system used to obtain the aborted flowers, data from neighboring plants on the same line of receptacle were obtained. The same number of plants inside the receptacle was collected on contiguous line. Analysis of variance was performed for the number of pods (X) and grain yield (W). The analysis was subdivided into generations/time. Subsequently, we performed the joint analysis of the generations/time using the data obtained only inside the receptacle for N, V, and W.
Using the averages, the diallel analysis was performed, using Griffing (1956) (sa) jmm' : effect of SCA x environment interaction; e jmm' : experimental error associated with the mm' hybrid combination, in environment j, the errors are independent and normally distributed with zero mean and with a common variance e jmm ' ∩ N (0, σ 2 ). The phenotypic correlations of characters two-to-two (r nv ) were estimated, by season and in an average of seasons, using the estimator (Falconer and Mackay, 1996) :
where COV nv : covariance between N (number of total flowers) and V (percentage of floral venation); σ n : phenotypic deviation associated with N; σ v : phenotypic deviation associated with V.
Subsequently, the partial phenotypic correlations of the characters N, V, and W were estimated. For this purpose, the following estimator, proposed by Cruz et al. (2012) , was used: 
RESULTS
The results obtained showed high and similar accuracies in each generation, all above 73.1%, indicating a good experimental precision, a condition that is indispensable for the accomplishment of the research (Table 1 ). The averages obtained for each trait in each generation and the corresponding means are presented in Table 1 . The effect of the generations for most of the evaluated traits is evidenced. In most cases, the generation F 2 was the one that always presented the highest averages. Table 1 . Mean and accuracy (ȓ ĝg ) for the number of total flowers per plant (N), the percentage of pod set (V), and the grain yield per plant (W).
*Means followed by the same letter in the line belong to the same group by the Scott-Knott test (1974 To verify the possible effect of the collecting system used to obtain the aborted flowers, analysis of variance was performed for the number of pods (X) and grain weight (W),
considering the plants within the receptacle and those located in the same plot line, adjacent to the receptacle. It was observed (analysis not presented) in the joint analysis of the three generations that there was no significant difference for position effect (inside or outside the receptacle) and position x treatment interaction. Therefore, collecting system used did not affect the performance of plants and the information obtained can be generalized.
A significant difference (P ≤ 0.05) was detected among treatments and also among generations for all the traits ( Table 2 ). The interaction between treatments x generations was also significant, and it can be inferred that treatment response was not the same in the different generations. It can be inferred that the parents presented significant differences for all traits. The same occurred with the hybrid variation source. It was also found that generation x parent and generation x hybrid interactions were significant for most of the traits. Table 2 . Summary of the joint diallel analysis for the number of total flowers per plant (N), the percentage of pod set (V), and the grain yield per plant (W) (g/plant). It was observed that the Paraná genitor was the one that most stood out in the average of the three generations for N (Table 3) . Goiano Precoce line presented the smaller N among the parents. In the average of the three generations, the hybrids produced 22.90% more flowers than the parents (Table 4 ). This result evidenced the occurrence of a significant mean heterosis for the number of flowers per plant. For the percentage of pod set, the parents of Mesoamerican gene pool (Madrepérola, Paraná, Amarelinho, presented the higher averages of the three generations. For N, mean of hybrids was 5% lower than the average of parents, also evidencing the occurrence of medium heterosis, but reducing the expression of the character. For grain yield per plant (W), in an average of the three generations, the parents Madrepérola, Paraná, and MAII-22 were the most productive ones, and the other ones were classified in the same group. For W, only the hybrid Paraná x Amarelinho, Paraná x MAII-22, MAII-22 x Madrepérola, and MAII-22 x Eriparsa combinations were in the group of larger W.
In a diallel analysis of three generations, it was found a significant difference (P ≤ 0.01) in GCA and for SCA for N (Table 2 ). In the interactions, only GCA x generations were significant (P ≤ 0.01). The sum of squares of treatments explained by GCA (R 2 ) was lower than the SCA, explaining only 30.5% of total variation of the treatments. These lower values of R 2 indicated that dominance effect in control of the N trait occurred, as already mentioned. GCA (g i ) estimates for N are presented in Table 5 . As expected, Paraná genitor, which obtained the highest mean for N, presented the highest g i estimation; therefore, it contributed to improving the expression of character in hybrid combinations. The opposite, as was expected, occurred with "Goiano Precoce". In GCA estimates, interaction with generations is again well evidenced. However, in all cases, the "Paraná" always presented estimates of positive GCA.
Results for SCA were consistent with the mean test performed (Tables 3 and 6 ). In all cases, the hybrid combinations that were in the group of the highest number of flowers per plant also had high and positive SCA values.
For the percentage of pod set (V), there was the effect on both GCA and SCA in diallel analysis involving the three generations ( Table 2 ). The GCA sum of squares was higher than that of the SCA, explaining 59.7% of this variation. It can be inferred that there are additive and dominance effects in control of the percentage of the pod set.
The results of GCA for V were similar to those of N (Table 5) . Again, the parents with higher V averages (Paraná, Amarelinho, MAII-22, and Madrepérola) presented the highest GCA estimates (g i ). This result shows that these parents present a higher average performance in hybrid combinations. Estimates of SCA are presented in Table 6 . The Paraná x Amarelinho cross was the one that presented the highest estimate of SCA (5.04). It is worth mentioning that these two parents were the ones that also presented higher g i . Unlike what was seen for the N, the SCA estimates were not consistent with the mean values obtained for each hybrid Table 3 . Mean of the total number of flowers per plant (N), the percentage of pod set (V), and the grain yield per plant (W).
*Means followed by the same letter in the column belong to the same group by the Scott-Knott test (1974). combination. In this case, the combinations of higher mean values for V were not always high and positive. The diallel analysis for the three generations for grain weight (W) is shown in Table  2 . There was an effect of both GCA and SCA (P < 0.01). The GCA sum of squares was always higher than that of SCA, explaining about 72.78% for W, and therefore, can be inferred that there is a predominance of the additive effect in its genetic control. The estimates of the GCA (g i ) for W are shown in Table 5 . It can be seen that the parents Paraná, MAII-22, and Madrepérola presented higher estimates of g i , and also presented higher averages for W, as already mentioned. Estimates of the SCA again coincide with the mean values of the hybrid combinations. In the majority, combinations that presented higher W were the ones that had the highest SCA estimation (Table 6 ).
The estimates of the correlations between N, V, and W are presented in Table 7 . As expected, estimates between N or V with W were always positive. However, the correlations between N and V were, in most cases, negative. Therefore, part of the correlation between N with W or V with W is influenced by the effect of the negative association of N and V. Then, partial correlations of N with W were estimated, disregarding the effect of V, and V with W, disregarding the N effect. In all cases, correlations were always positive, as previously reported. However, the magnitude of partial correlations was higher concerning the correlations presented in Table 7 , in most cases. 
DISCUSSION
The number of pods per plant (X) in common bean is one of the most important components for initial yield, as already mentioned (Costa and Zimmermann, 1988; Zilio et al., 2011; Guilherme et al., 2014) . The number of pods depends on the number of flowers produced (N) and the percentage of pod set (V). Thus, to have information about yield potential of a plant, one must have information of N and V. However, these two traits are difficult to measure, so it has little information on this.
One of the first studies on the number of flowers was carried out in the United States (Smith and Pryor, 1962) . Later, Ramalho and Ferreira (1979) carried out a similar study with Brazilian cultivars. To estimate the N, each flower was identified by a worsted yarn when emerged. The difficulty of marking is enormous and of dubious accuracy because in the same inflorescence can occur several flowers that open at different times. Besides, the consistent handling of flowers should affect the percentage of the pod set.
In this study, aiming to estimate V Izquierdo and Hosfield (1981) proposed the use of a specific receptacle. In that case, the aborted flowers fall into the receptacle being counted periodically. Subsequently, in harvest, the number of pods is obtained. Adding some pods to aborted flowers, a total number of flowers can be obtained. Reis et al. (1985) working with a common bean in intercropping with maize in Brazil, also used this process to obtain estimates of some flower and percentage of a pod set; this was the procedure used in the present study.
However, it could be argued that receptacle and handling it to collect fallen flowers could reduce floral venation, and therefore, provide an unreliable estimate. To prove this fact or not, in this study, at the time of harvest, the pods were collected inside the receptacle and also on the same contiguous line. It was found that there was no significant difference in the number of pods and that the interaction lines and hybrids x positions (inside or outside the receptacle) were not significant at the evaluation times. It will be understood that receptacle did not interfere with N or V.
The objective was to evaluate the generations in different seasons of sowing, to have results that could be generalized. The experiments were done in regular growing seasons in the southern region of Minas Gerais State. Seeds were sown in November, February, and July. These sowing seasons have a wide variation in temperature and precipitation conditions . Also, in every season, a different generation of diallel populations was evaluated. Thus, the effect of generations and sowing season could not be individualized. It was verified that there was an effect of sowing season/generation (Table 1) . For almost all traits, the highest overall mean was obtained in an F 2 generation, sown in November. At this season, temperature and precipitation were higher, which may have contributed to the better performance of common bean. However, the F 2 generation also has more heterozygosity than F 3 and F 4 , and it is expected that the average of this generation will be higher if dominance occurs .
Interaction treatments (parents and hybrids) x generations/seasons were significant, and it was possible to infer that behaviors of parents and hybrids were not coincident between generations/seasons. In common bean, several studies report an interaction of genotype x sowing season, especially for grain yield (Lima et al., 2014; Ferreira et al., 2015) . There are also reports of the genotype x environment interaction for other traits of common bean, including some pods per plant, grain per pod, and grain weight (Ribeiro et al., 2014) . Although an interaction has occurred, the most significant results were concordant between generations/ seasons, and for this reason, emphasis on discussion of results will be directed to what occurred in the average of three generations.
It is difficult to obtain N and V per plant, as already mentioned. However, only obtaining the data for some lines is not enough, it is necessary to have information about the genetic control. There are some methodologies to reach this goal (Hallauer et al., 2010; Ramalho et al., 2012) . Among them, the diallel crosses stand out. The success of the diallel crosses depends, in a first instance, on the careful choice of the parents. In this study, parents/ lines were chosen that represent different times of achievement and also belong to different gene pools. Among the Mesoamerican parents, two were widely used in the past Amarelinho and Paraná. However, Madrepérola is a cultivar currently recommended for cultivation in Minas Gerais and MAII-22 is a line recently obtained in recurrent selection program aiming to resistance to an angular spot of common bean. Andean cultivars have determined growth habit and big grains. Mesoamerican has indeterminate growth habit, type III, and medium grain. Thus, we used parents with wide variation in traits of importance in common bean breeding program.
As discussed earlier, the number of pods is dependent on the number of total flowers (N) that a plant produces. The average N was 31.9 flowers per plant ( Table 1) . The Paraná genitor presented the highest average estimate of the three generations, 35.8 flowers (Table  3) . This line was obtained before the 1970s and can infer that selection of lines performed in the last 40 years did not contribute to increasing the number of flowers. In general, Andean cultivars always presented relatively low N, especially genitor Goiano Precoce, with only 20.7 flowers in an average of the three generations (Table 3 ). This fact can be explained because the time of flowering of Andean lines is lower than of the Mesoamerican lines and the growth habit is determined.
In genetic control of N, SCA explained the highest proportion of the sum of squares of treatment (R 2 = 69.5%), indicating dominance in control of this trait (Table 2 ). This fact can be verified by the superiority of average hybrids, which was 22.9% higher than the average of parents (Table 4) . Reports on the genetic control of the number of flowers in common bean were not found. However, in soybean, loci with dominant allelic interaction in the genetic control of N have been related, as verified in the present study (Van Schaik and Probst, 1958) .
Another trait that influences the number of pods is the percentage of pod set (V). In average, V was 40.4%, i.e., only 40.4% of flowers produced pods. Usually, the percentage of pod set is small. Reports in the literature indicate lower values than those obtained in this study. Similar results to this study were found by Izquierdo and Hosfield (1981) when studying flower abscission in common bean. However, Ramalho and Ferreira (1979) , in a study involving five bean cultivars found the percentage of pod set of 28%. Probably this discrepancy may be due to the methodology used by Ramalho and Ferreira (1979) , where each flower was marked by a wool yarn, which, as already mentioned, may have affected the percentage of the pod set. These results show that the plant does not express its full potential; this is related to several reasons, like edaphoclimatic factors, as already demonstrated for the common bean (Fancelli, 2009; Zilio et al., 2011) .
In mean of three generations, cultivars of the Mesoamerican gene pool presented higher values of V (Table 3) . It can be inferred that V depends on the gene pool, i.e., depends on the cultivar origin. It is also inferred that Mesoamerican genotypes, except Paraná, although have obtained a higher V, were classified in the group of smaller N. It is verified that, while for N the heterosis increases the expression of character, for V, the heterosis reduces. For V, mean heterosis estimate was negative (-4.95%), indicating that if dominance occurs, it is reducing expression of character.
Estimate of the sum of squares explained by GCA and SCA for V confirms that heterosis is smaller than that of N since R 2 of GCA (59.7%) was slightly higher than that of SCA (Table 2) . No report in this respect was found in the literature. Mesoamerican parents presented the highest estimates of GCA (g i ). High g i values (positive or negative) indicate better performance in hybrid combinations. Therefore, lines with high GCA contribute to the greater expression of character in crosses. In the diallel analysis of V, GCA estimates were well consistent with parent mean, which was already expected (Tables 3 and 5 ). In studies performed by Oliveira et al. (1996) , evaluating flowering and grain yield, it was observed that when there is a predominance of additive effects in control of the characters, there is good agreement between average performance of parents and GCA estimate; this corroborates with comments made previously in the present study.
For grain yield (W) both GCA and SCA were significant. However, the GCA sum of squares was always higher than that of the SCA, which explained 72.78% of the total variation of treatments (Table 2 ). W of parents on average was very similar to that found in hybrids, 11.19 g/plant for parents and 11.41 g/plant for hybrids (Table 4) . In this case, the dominance effect is small. As the parents are genotypically different for W, it can be inferred that the expression of character was predominantly dependent on loci with additive alleles. Reports found in the literature differ on genetic control of this character. Several studies have reported the presence of genes with an additive effect, similar to those found in the present study (Takeda et al., 1991; Vizgarra et al., 1992; Silva et al., 2004; Moreto et al., 2007) . However, there are reports that occurrence of dominance was also important in W (Chung and Stevenson, 1973; Foolad and Bassiri, 1983; Guilherme et al., 2014) .
Partial correlations of N with W, fixing effect of V, or of V with W, and fixing effect of N were always positive (Table 7) . In other words, as expected, both the number of flowers and percentage of pod set affect grain yield positively. However, the correlation between N and V was always negative. In an average of the three generations r nv = -0.29. It is inferred that plants with a greater number of flowers tend to have less percentage of the pod set. This fact has also been verified for correlations of the three primary components of grain yield of bean (X, Y, and Z) with W (Lima and Ramalho, 2016) . The relative contribution of X, Y, and Z varies according to environmental conditions, as occurred in this study. Lima and Ramalho (2016) discuss this question from the perspective of geometry. According to these authors, grain yield (W) is as if it were a parallelepiped, in which products of the axes X, Y, and Z would be equal to W. Since the largest volume of the parallelepiped is the cube, the contribution of X, Y, and Z would have to be the same to obtain the maximum W.
Extrapolating to the case of N and V, one could infer that the ideal would be to have a condition in which the relative contribution of N and V to W was similar. In reality, there is no independence between N and V, i.e., for a given environmental condition, if one plant produces many flowers, surely its percentage of pod set will be less than another plant that produces fewer flowers, where N will be smaller. This fact may explain why the grain yield of the Andean parents with the Mesoamerican is usually lower. In Andean cultivars, as already commented, N is smaller than Mesoamerican cultivars and usually also the percentage of pod set is smaller, as was observed in this study. However, within the same gene pool, N and V act as a stability factor of grain yield, which means that when the environmental condition is favorable for flowering and unfavorable for grain filling, N is larger and V smaller. If the opposite occurs, N will be smaller, and V will be larger. The ideal would be the favorable environmental condition in both flowering and grain filling. In this case, the larger N and V would contribute with similar proportions for grain yield. When selecting for grain yield, as the breeders usually do, are indirectly selecting for a better N and V equilibrium according to the environmental condition.
CONCLUSION
The number of flowers of common bean is on average 31.9, and the percentage of pod set is 40.4%. The average of Mesoamerican parents, in general, for N and V is higher than in the Andean. The selection made by breeders over the time does not contribute to increasing N and V.
The SCA explained most of the variation in the number of total flowers, evidencing predominance of dominance effect to increase the expression of character in its genetic control. However, for the percentage of pod set, dominance contribution was slightly lower than the GCA and aimed at character reduction, which indicates that for genetic control of V, dominant and additive loci occur.
The parents differed in the GCA (g i ) estimate for N and V. Lines of Mesoamerican origin always presented estimates of CGC positive for V.
The higher the number of total flowers, the smaller the percentage of a pod set. The greater the percentage of a pod set or the greater the number of flowers, the greater the grain yield. These two traits are very influenced by environment and should act as a strategy for greater stability of the common bean grain yield.
